Minocycline is neuroprotective in clinical and experimental stroke studies, due in part to its ability to inhibit poly (ADP-ribose) polymerase. Previous preclinical data have shown that interference with poly (ADP-ribose) polymerase signaling leads to sex-specific neuroprotection, reducing stroke injury only in males. In this study, we show that minocycline is ineffective at reducing ischemic damage in females after middle cerebral artery occlusion, likely due to effects on poly (ADP-ribose) polymerase signaling. Clinical trials must consider possible sex differences in the response to neuroprotective agents, if we hope to translate promising therapies to stroke patients of both sexes.
Introduction
Minocycline is a tetracycline derivative shown to be neuroprotective in experimental models of stroke and other neurodegenerative disorders (Lampl et al, 2007; Yrjanheikki et al, 1999) . A recent open-label trial of minocycline for acute stroke found that patients treated with minocycline had improved outcomes compared with placebo-treated patients (Lampl et al, 2007) . Minocycline may influence neuronal survival by acting as a poly (ADP-ribose) polymerase (PARP) inhibitor as its PARP-inhibiting potency approaches that of PJ34, one of most potent PARP inhibitors available (Alano et al, 2006; Jagtap et al, 2002) . The PARP activation promotes cell death through bioenergetic failure (Alano et al, 2004) . Male PARP-1 (the isoform that accounts for 90% of total brain PARP activity (Kauppinen and Swanson, 2005) ) knockout mice were found to be resistant to focal cerebral ischemia, as are primary neuronal sexmixed cell cultures derived from PARP-1 null mice (Eliasson et al, 1997; McCullough et al, 2005) . However, data have suggested that the PARP's importance in ischemic neuronal death is dependent on the sex of the animal, because loss of PARP-1 protects males but not females (Hagberg et al, 2004; McCullough et al, 2005) . In fact, interference with PARP signaling led to an unexpected exacerbation in ischemic injury in female mice, an effect that was independent of estrogen (McCullough et al, 2005) . As previous experimental studies have not evaluated possible sex-dependent effects of minocycline, which mediates part of its neuroprotective actions through inhibition of PARP signaling, we evaluated the neuroprotective efficacy of this agent in male and female mice after focal cerebral ischemia.
Materials and methods

Animals
Animals were wild-type (wt) C57/B6 male and female mice (Charles River) as well as PARP-1 null male mice (20 to 25 g). For female mice, ovariectomy was performed to remove gonadal estrogen 7 days before middle cerebral artery occlusion (MCAO) surgery. Estrogen levels and uterine weights were assessed to confirm loss of estrogenic effects. We chose to evaluate ovariectomized female mice to reflect a more relevant translational model, because the majority of women are postmenopausal at the time of their stroke, as well as to reduce experimental variability associated with varying estrogen levels during estrous. The mice were anesthetized with 4% isoflurane mixed with room air and oxygen for induction and then maintained with 1% to 2% isoflurane/room air and oxygen mixture for all surgical procedures. The mice were given two doses of minocycline (45 mg/kg) or vehicle (sterile water) every 12 h, the first dose 30 mins after the onset of MCAO.
Focal Cerebral Ischemia Model
We used a MCAO model to evaluate our hypothesis. The MCAO was performed as described previously (McCullough et al, 2005) . Reperfusion was achieved by withdrawal of the occludder 90 mins after the occlusion.
Estrogen Levels of Ovariectomzed Mice
Blood samples from all female mice and four randomly selected wt male mice were collected at the time of killing. The samples were spun at 6,000 r.p.m. for 10 mins at 4 degrees. A measure of 25 mL of supernatant (serum) was used to measure estrogen by enzyme-linked immunosorbent assay (IBL, Germany).
Behavioral Assessments
Neurologic deficits were scored at 24 or 72 h after stroke. The score system was as follows (0) no deficit; (1) forelimb weakness and torso turning to the ipsilateral side when held by the tail; (2) circling to affected side; (3) unable to bear weight on the affected side; and (4) no spontaneous locomotor activity (McCullough et al, 2005) .
Histologic Assessments
Mice were euthanized at 24 or 72 h for infarct volume analysis after the onset of MCAO. Then the brains were removed and cut into 5-mm slices and stained with 1.5% 2,3,5-tripenyltetrazolium chloride for 30 mins at 37 degrees, then fixed with 4% paraformaldehyde in water. The digitalized and the infarct volumes (expressed as percentage of the contralateral hemisphere) were analyzed by computer program (Scan Pro 5) (McCullough et al, 2005) .
Western Blots
The brains were removed 6 h after MCAO, and the ischemic hemispheres were separated and lysed for Western blot. Western blots were performed as described previously (McCullough et al, 2005) . The brains were homogenized using lysis buffer (20 mmol/L Tris-HCL, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 50 mmol/L NaF, 1% Triton X-100, 1 mmol/L PMSF, 0.1 mmol/L Benzamidine, 50 mg/mL Soybean Trypsin inhibitor, 50 mg/mL leupeptin) and protein was loaded on a 4% to 15% gradient sodium dodecyl sulfate-polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. The membrane was probed with anti-PAR antibody (1:1000 dilution; Trevigen, Gaithersburg, MD, USA). Actin (1:5000; Sigma St Louis, MO, USA) was used as the loading control. All blots were incubated overnight in primary antibody at 41C in Tris-buffered saline buffer containing 4% bovine serum albumin and 0.1% Triton X-100. Secondary antibodies (goat anti-rabbit IgG1:5000 for PAR; Chemicon, Billerica, MA, USA) were diluted and the ECL (pico) detection kit (Amersham Biosciences, Piscataway, NJ, USA) was used for signal detection. The PAR levels were expressed as the ratio to the control actin band with densitometry analysis (Adobe Photoshop 7.0).
Statistics
Data were expressed as mean ± s.e.m. Statistics was performed by Student T-test (for infarct volume), one-way analysis of variance with Tukey post hoc test for multiple comparisons (for PAR levels) or by Mann-Whitney U test (the neurologic deficit scores). Investigators performing behavioral and infarct size analysis were blinded to treatment group. P value < 0.05 was considered to be statistically significant.
Results
Minocycline significantly reduced infarct volume (expressed as percentage of the contralateral hemisphere, %) in wt male mice (cortex: drug 22.6 ± 10 versus vehicle 53.5 ± 5.9, P < 0.05; striatum: drug 57.9±8.9 versus vehicle 81.0±3.9, P < 0.05; total: drug 23.1 ± 8.6 versus vehicle 51.6 ± 5.1, P < 0.05) (Figure 1a -1c) at 24 h after stroke. However, no neuroprotection was seen in wt ovariectomized female mice (cortex: drug 54.9 ± 6.0 versus vehicle 56.1 ± 2.6; striatum: drug 71.3 ± 8.4 versus vehicle 77.1±6.4; total: drug 49.3±1.3 versus vehicle 47.3±1.3) (Figure 1d-1f ). This sex difference in neuroprotective efficacy was reflected in the neurologic deficits scores; treatment with minocycline reduced behavioral deficits in wt male mice but not in female mice (P < 0.05) ( Supplementary Table 1 ).
We then extended the survival time to 72 h after MCAO in a separate cohort of animals. In wt males, infarct volume (expressed as percentage of the contralateral hemisphere) was again significantly reduced with minocycline treatment (total: drug 32.9 ± 4.7 versus vehicle 52.6 ± 1.3, P < 0.05) ( Figure  1g ). Similar to the 24-h endpoint, minocycline had no protective effect in ovxed wt females (total: drug 57.3±3.6 versus vehicle 57.9±2.9) (Figure 1h ). The neurologic deficits scores were also consistent with the 24-h time point data; deficits at 72 h were reduced in minocycline-treated male mice, with no effect in drug-treated female mice (P < 0.05) (Supplementary Table 1 ). Estrogen levels were equivalent in male mice 6.5±1.2 pg/mL (n = 4) and ovxed female mice 6.1 ± 1.0 pg/mL (n = 12).
To directly examine the effect of minocycline on PARP activation in our model, we assessed PAR formation. The PAR levels were significantly elevated 6 h after stroke in both male and ovxed female mice (male: stroke 0.71±0.06 versus sham 0.31±0.03, P < 0.05; female: stroke 0.82±0.13 versus sham 0.32 ± 0.034, P < 0.05). Minocycline treatment significantly reduced stroke-induced PAR formation when compared with the vehicle-treated stroke group in both sexes (male: drug 0.35 ± 0.04 versus vehicle 0.71 ± 0.06, P < 0.05 and female: drug 0.4 ± 0.1 versus 0.82±0.13, P < 0.05) (Figure 2a and 2b) . To further confirm PAPP inhibition is part of the mechanism by which minocycline protects male animals from stroke, we also examined the effect of minocycline in PARP-1 null male mice after MCAO. As expected, the neuroprotective effect of minocycline was lost in male PARP knockout mice, suggesting the protective effects of minocycline are mediated by PARP (Figure 2c ).
Discussion
Consistent with previous reports from other investigators, our data show that minocycline is an effective neuroprotectant in males (Alano et al, 2006; Yrjanheikki et al, 1999) , however, this drug is completely ineffective in reducing ischemic damage in females. This is the first report of ischemic sex differences in the response to a drug that is currently in clinical trials for stroke.
Ischemia leads to a dramatic increase in the activation of the DNA repair enzyme PARP (Andrabi et al, 2006) , which uses NAD + as a substrate to form polymers on ADP-ribose. Recently, it has been discovered that PAR polymers are the major trigger for stroke-induced mitochondrial release of apoptosis-inducing factor (Andrabi et al, 2006) . Apoptosisinducing factor then translocates to the nucleus and leads to caspase-independent cell death (Andrabi et al, 2006) . However, the majority of data implicating the PARP/apoptosis-inducing factor pathway as a key cell death pathway have been derived from experiments that used only male mice. Emerging data from several laboratories have suggested that ischemic cell death pathways may differ in males and females (McCullough et al, 2005) . In the female brain, ischemic cell death is triggered by activation of caspases (Lang and McCullough, 2008; Liu et al, 2009) , rather than PARP activation. Minocycline dramatically reduced stroke-induced PAR formation in both males and females, showing that minocycline has equivalent 'downstream' effects in the male and female brain. However, the dramatic reduction in PAR by minocycline does not translate into neuroprotection in females. This suggests that the PARP-1 pathway, although activated in both sexes, does not mediate cell death in the female brain.
Interestingly, male PARP-1 null mice treated with minocycline had significantly larger infarcts than vehicle-treated knockout mice. This suggests that minocycline has effects beyond that of PARP inhibition. Both pharmacological and genetic approaches have limitations. Pharmacological agents often have unknown nonspecific effects on other pathways, and compensatory changes can occur in genetic models, especially when the gene is missing during early development. In any case, our data clearly show that minocycline is not protective in PARP-1 null male mice, suggesting that neuroprotective effect is mediated in part through PARP inhibition.
Minocycline is a pleiotropic agent with known antiinflammatory properties (Yrjanheikki et al, 1999) . As inflammation in the brain may occur later after stroke (Rami et al, 2008) , we extended our survival time to 72 h to ensure that there was no subsequent infarct growth that would ameliorate the sex differences seen after treatment. Minocycline continued to have a dramatic sex-dependent neuroprotective effect. It is well known that PARP inhibitors are antiinflammatory in stroke as well as in other models of inflammation (Koh et al, 2004) . However, similar to our results, loss of PARP decreased the endothelial inflammatory response to LPS injection in males, but not in females (Mabley et al, 2005) , suggesting that PARP-mediated sex differences are not limited to the CNS.
A recent open-label clinical trial suggested a potential benefit of minocycline treatment in ischemic stroke patients (Lampl et al, 2007) . However, this initial trial was small (152 patients), with a low percentage of female patients (35%), and it was not powered or designed to evaluate sex differences. Larger trials will determine whether this sex difference has clinical relevance, but this requires an initial awareness of possible sex-dependent effects of treatment.
Do these sex differences matter? Several reports have shown sex differences in the response to pharmacological agents that are commonly used in stroke patients (Kassell et al, 1996; Ridker et al, 2005) . For example, Tirilazad reduced mortality and enhanced functional recovery after subarachnoid hemorrhage in men, but not in women (Kassell et al, 1996) . Aspirin reduces ischemic stroke risk more robustly in healthy women compared with men (Ridker et al, 2005) , where much of the benefit of aspirin was from a reduction of cardiovascular events. Finally, sex differences in the response to acute stroke therapies (i.e., tissue plasminogen activator) are also emerging (Hill et al, 2006; Kent et al, 2005) . The Stroke Therapy Academy Industry Roundtable recommends that neuroprotective studies be performed in both male and female rodents (Recommendations for standards regarding preclinical neuroprotective and restorative drug development, 1999 ), yet the majority of preclinical studies continue to examine only male animals. It is imperative that investigators are aware of the (B) Representative Western blots for PAR. The PAR is seen as a discrete, major band at 116 kDA. The PAR levels were expressed as the ratio to the control actin band with densitometry analysis. (C) Minocycline worsened stroke outcome in male PARP null mice after MCAO. Infarct volume was measured 24 h after stroke; infarct volume was expressed as percentage of the contralateral hemisphere (n = 7 per group). *P < 0.05 (minocycline-treated group versus vehicle-treated group, two-tailed Student t-test). Data were expressed as mean±s.e.m. potential for erroneous conclusions when attempting to translate promising experimental findings into a clinical population at risk for stroke that includes women.
